Intracerebral injection of brain extracts containing amyloid or tau aggregates in transgenic animals can induce cerebral amyloidosis and tau pathology. We extracted pure populations of tau oligomers directly from the cerebral cortex of Alzheimer disease (AD) brain. These oligomers are potent inhibitors of long term potentiation (LTP) in hippocampal brain slices and disrupt memory in wild type mice. We observed for the first time that these authentic brain-derived tau oligomers propagate abnormal tau conformation of endogenous murine tau after prolonged incubation. The conformation and hydrophobicity of tau oligomers play a critical role in the initiation and spread of tau pathology in the naïve host in a manner reminiscent of sporadic AD.
Intracerebral injection of brain extracts containing amyloid or tau aggregates in transgenic animals can induce cerebral amyloidosis and tau pathology. We extracted pure populations of tau oligomers directly from the cerebral cortex of Alzheimer disease (AD) brain. These oligomers are potent inhibitors of long term potentiation (LTP) in hippocampal brain slices and disrupt memory in wild type mice. We observed for the first time that these authentic brain-derived tau oligomers propagate abnormal tau conformation of endogenous murine tau after prolonged incubation. The conformation and hydrophobicity of tau oligomers play a critical role in the initiation and spread of tau pathology in the naïve host in a manner reminiscent of sporadic AD.
A growing body of evidence suggests that protein aggregates associated with neurodegenerative diseases spread from affected to unaffected areas of the brain, indicating that prion-like transmission of these diseases contributes to the anatomic spread of pathology 1, 2 . Extracts from AD brains or transgenic mouse models of AD can initiate amyloid plaque formation in the brain of transgenic mice over-expressing human amyloid precursor protein (APP) 3, 4 . The same propagation mechanism has also demonstrated for tau. Remarkably, Goedert, Tolnay, and coworkers showed that when brain extracts obtained from transgenic mice that overexpress mutant tau (P301S) were injected into the brains of ALZ17 mice, a transgenic line overexpressing wild type human tau which normally do not form tau aggregates, tau deposition was found not only within the injection site but also in neighboring brain regions 5 . Moreover, two recent reports 6, 7 , confirmed the spread of tau pathology between different brain regions, later clearly demonstrated that human tau can seed endogenous mouse tau in vivo 7 . This is not surprising because of the sequence homology shared between the two species 8 . These observations represent major strides forward in understanding of tauopathy, but they failed to identify the tau species responsible for propagation and neurotoxicity. Moreover, the use of animal models that overexpress amyloidogenic proteins does not support the intriguing analogy to sporadic neurodegenerative diseases, since it is most likely that these seeds just accelerate amyloid deposits in transgenic mice. To date, it is still unclear whether amyloid-seeding species are able to induce amyloidosis in wild type animals, a point of great relevance in the specific case of tauopathies, where many studies have shown that endogenous murine tau aggregates in the transgenic mouse models that overexpress other aggregation-prone proteins i.e., human mutant APP, asynuclein, or tau [9] [10] [11] . Furthermore, endogenous murine tau plays a crucial role in induction of cognitive deficits in transgenic mice expressing mutant human APP 12 , and mediates amyloid oligomer toxicity 13, 14 . Recently, oligomers derived from many amyloidogenic proteins, including tau, have been implicated in neurotoxicity and neurodegeneration in amyloid diseases [15] [16] [17] [18] [19] . In spite of these compelling studies, however, the role of amyloid oligomers in disease initiation and progression in vivo remains unclear. Jucker and colleagues recently presented evidence that soluble Ab amyloid species are more effective (50-fold stronger) than larger insoluble aggregates in seeding and initiating amyloidosis in transgenic animals 20 . Recently, we and others have identified tau oligomers in vivo 19, 21 ; however, the role that these soluble oligomeric tau species play in the initiation and spread of tau pathology in vivo is largely unknown. We hypothesize that the dynamic tau oligomers 22, 23 , which display strong hydrophobic properties similar to the prion particles described in the original work of Prusiner 24, 25 , are responsible for tau pathology initiation and propagation.
Results
Isolation and characterization of tau oligomers and paired helical filaments (PHF) from AD brains. To clarify the nature of authentic brain-derived tau species responsible for transmissibility and neurotoxicity, we isolated tau oligomers by immunoprecipitation (IP) techniques using the anti-tau oligomer antibody T22 18 and paired helical filaments (PHF) tau as previously described 26 . Tau oligomers were isolated and characterized from 3 AD brains, no detectable tau oligomers were found in the IP from 3 age-matched control brains, this is not surprising, because as previously reported control tau oligomers are not present in control brains 18, 19 . The seeding, LTP and in vivo experiments were performed using tau oligomers and PHF isolated from the same AD brain. Brain-derived tau oligomers were extensively characterized using immunoblotting, atomic force microscopy (AFM), and size-exclusion chromatography (SEC), as well as hydrophobicity and amyloid-sensitive assays with bis-1-anilinonaphthalene-8-sulfonate (Bis-ANS) and thioflavin T (ThT), respectively ( Fig. 1) . Isolated human tau oligomers were detected by immunoblot at the ,110-160 kDa band using Tau 5, confirming that the isolated material was indeed oligomeric tau free from monomer contamination (Fig. 1a) . These results correspond to a dimer/trimer as previously described 18, 19 . The same blot was performed using control anti-IgG antibody, which failed to detect any non-specific bands. Total PBS soluble fractions from AD brains were also tested as controls (Fig. 1a) . Fast protein liquid chromatography (FPLC) chromatogram of brain-derived tau oligomers detected a main peak at ,150-195 kDa (tau oligomers) (Fig. 1b) . The same protocol was used for further purification of oligomers isolated by IP. We used AFM to further characterize these brain-derived oligomers (Fig. 1c ) the analysis show only oligomeric tau without PHF contamination. The size distribution histogram (Fig. 1d) shows that the majority of these oligomers have a diameter of 4-8 nm. Surprisingly, brain-derived oligomers have a higher affinity for Bis-ANS than brain-derived PHF (Fig. 1e) , which implies that oligomers display more hydrophobic patches. Since recent reports implicated tau fibrils in the seeding process 27, 28 , we isolated pure populations of brainderived PHF from the sarcosyl insoluble fractions of the same AD brains. These PHF samples were characterized by AFM (Fig. 1f) , which demonstrated that they are classical PHF. As expected, the PHF exhibit strong ThT binding affinity as compared to brain-derived oligomers (Fig. 1g) . The human brain-derived tau oligomers (dimer/ trimer) are SDS-stable 19, 21 , similar to the ones detected in mouse models of tauopathy 29, 30 .
Brain-derived tau oligomers seeding and toxicity in vitro. We investigated the ability of brain-derived tau oligomers to seed and exert toxicity in vitro. A body of literature has emerged over the last two decades documenting the ability of amyloid and tau fibrils to seed and propagate aggregation; this process is well standardized and documented [31] [32] [33] [34] [35] [36] . Lately, it has been shown that amyloid oligomers also can seed and propagate in vitro 37, 38 . Recently, we discovered that tau oligomers prepared from recombinant tau can seed the aggregation of full length recombinant human tau in vitro 23 . Here, we demonstrate that tau oligomers isolated from human AD brain induce the aggregation of monomeric recombinant tau in vitro, and that this aggregation is more rapid and robust than that observed using preformed recombinant tau oligomers, as quantified by direct ELISA using T22 anti-tau oligomer antibody (Fig. 2a) . Tau oligomers prepared using brain-derived oligomer seeds (24 hrs) were further characterized by size-exclusion chromatography (Fig. 3b) , it is clear that at this time point the solution contains homogeneous population of tau oligomers (dimer/trimer), this was confirmed by AFM (inset). Biophysical characterization by circular dichroism (CD) spectroscopy (Fig. 2c) , revealed that tau oligomers are bsheet rich, this conformation is associated with amyloid 17 and tau oligomers 23 toxicity. Moreover, oligomers formed by seeding recombinant tau with brain-derived oligomer seeds are highly toxic, and this toxicity can be rescued by pre-incubation of the oligomers with the anti-tau oligomer antibody T22 18 (Fig. 2d) . The tau oligomers prepared by seeding with brain-derived tau oligomers were toxic at sub-micromolar concentrations, yielding oligomers that were 5 times more toxic on a mole for mole basis as compared to oligomers prepared by seeding with recombinant tau oligomers. Collectively, ELISA, SEC, AFM and CD analyses (Fig. 2a-c) show rapid formation of tau oligomers, with no detectable monomer contamination or fibrils formation 24 hrs after seeding initiation. This seeding reaction suggests that brain-derived tau oligomers seed and propagate by an oligomer-nucleated conformational conversion mechanism, similar to what has been proposed for Sup35 prions and recently for Ab oligomers 37, 39 . Unlike the seeding mechanism of tau fibrils (template-assisted growth) 35, 40 , this mechanism excludes the addition of tau monomers to the nucleus/template, which provides a template for all monomers to assemble into oligomers before fibril formation 23, 37, 39 .
Tau oligomers acute effects on hippocampal long term potentiation (LTP). Next we studied the effect of brain-derived tau oligomers on synaptic plasticity in the CA1 region of the hippocampus. oligomers (striped bars) or tau oligomers prepared in vitro (black). AD brain-derived tau oligomers induced aggregation of recombinant tau monomer as quantified by ELISA using T22; brain derived tau oligomers are more potent seeds than the oligomers prepared in vitro, after 24 hrs incubation monomeric tau fully assembled into oligomers. (b) Tau oligomers prepared using brain-derived oligomer seeds (24 hrs) were characterized by SEC; it is clear that at this time point the solution contains homogeneous population of tau oligomers (dimer/trimer). This was confirmed by AFM (inset). Scale bar, 10 nm. (c) Circular dichroism (CD) spectroscopy of tau oligomers formed after 24 hrs incubation (0.2 mg/ml in PBS) demonstrates that tau oligomers are b-sheet rich with minimum ellipticity (,213 nm). (d) Tau oligomers prepared using brain-derived oligomer seeds were more toxic to cells (at a much lower concentration) than oligomers prepared using seeds prepared from recombinant tau in vitro. Preincubation of tau oligomers with T22 (1:4 (mol/mol) for 1 hr) eliminated their toxicity as assessed by dye reduction assay using neuroblastoma cells. (** P ,0.001; * P ,0.01, two-way ANOVA). Hippocampal long term potentiation (LTP) was measured using whole cell patch-clamp recordings of excitatory postsynaptic currents (EPSCs) evoked at the CA3-CA1 synapse that is formed by axons in the Schaffer collateral-commissural pathway (Fig. 3) , as we described previously 41 . A robust form of LTP was induced in untreated brain slices using a theta burst stimulation (TBS) protocol 42 . No effects on LTP were observed in hippocampal slices pretreated with recombinant tau monomer at 100 nM final concentration (Fig. 3a) . In contrast, LTP was decreased in slices pretreated with recombinant tau oligomers at 50 nM (Fig. 3b) . In slices pretreated with brain-derived tau oligomers (50 nM final concentration; Fig. 3c ), the brain-derived oligomers were significantly more potent than oligomers prepared from recombinant tau in vitro (p , 0.0001, two-way ANOVA). Importantly, preincubation of brainderived oligomers with an excess amount of the tau oligomerspecific antibody T22
18 restore a delayed onset of LTP in treated hippocampal slices (p , 0.0001, two-way ANOVA). These data suggest that brain-derived tau dramatically impairs synaptic function and that this toxic effect can be rescued by the physical binding of our antibody.
Pathological effects of tau oligomers in vivo. We investigated the pathological relevance of brain-derived tau oligomers in vivo and their ability to seed the aggregation and propagation of endogenous tau in wild type mice by injecting either pure tau oligomers or PHF tau isolated from AD human brains into the hippocampus of figure 1 were injected into the hippocampus bilaterally (0.6 mg each). Mice were tested 3 days post injection. Mice injected with PBS, and PHF spent significantly more time investigating the novel object, whereas mice injected with brain-derived tau oligomers showed memory impairment, as evidenced by their inability to recognize the novel object and hence spending equal time investigating both objects. (g) Histograms show the discrimination index corresponding to the data in (f).
www.nature.com/scientificreports SCIENTIFIC REPORTS | 2 : 700 | DOI: 10.1038/srep007003 months old wild type C57BL/6 mice. Both tau species were fully characterized as described in Figure 1 . Each of C57BL/6 mice (n-12) received a single injection into each hemisphere with brain-derived oligomeric tau. Whereas a second group of (n512) was injected with PHF (0.6 mg/hemisphere). A third group (n512) was injected with PBS to control for any unexpected effects from the injection procedure. Finally, a fourth group consisting of 3 months old tau knockout mice (n58) 43 were injected as controls to ascertain the role of endogenous tau in the acute toxicity of tau oligomers.
To evaluate the effects of brain-derived tau oligomers and PHF on memory, we performed the novel object recognition behavior test 3 days post injection 22, 44 . Briefly, animals were trained in an arena containing two objects that they could explore freely (familiarization phase), 6 hours later, we exposed them to one familiar and one new object (test phase). Mice injected with brain-derived tau oligomers were unable to distinguish the new object, with no significant difference in the percentage of time spent investigating both objects (Fig. 3f) , and displayed a discrimination index significantly lower than that of the PHF injected group (Fig. 3g) . Neither PBS nor any of the PHF treated C57BL/6 animals showed memory deficits in this task ( Fig. 3f and g ). These data indicate that tau oligomers isolated from AD human brain acutely disrupt anterograde memory storage 22, 44, 45 . No memory deficits were found in the tau knockout mice injected with brain-derived oligomers ( Supplementary Fig.S1a and b) demonstrating that endogenous tau plays a critical role in mediating tau oligomers toxicity in vivo.
To determine if behavioral deficits persist over time in the mice injected with brain-derived tau oligomers, a novel object recognition task was performed again 11 months post injection. No statistically significant behavioral deficit was observed in any of the groups, demonstrating that mice injected with tau oligomers were able to fairly recover from the acute deficit produced by tau oligomers ( Supplementary Fig. S1c and d) . Analysis of mouse brains 11 months post injection unexpectedly revealed that brain-derived oligomers induced widespread filamentous/ amyloidogenic tau pathology in C57BL/6 mice, as clearly indicated by the appearance of thioflavin S (ThS) staining (Fig. 4a-b and supplementary Fig. S2a-b) and Gallyas silver (Fig. 4c-d, Supplementary Fig S2c-d-f and supplementary Fig. S3c ) 46, 47 . In addition to the positive ThS and silver staining, the administration of brain-derived oligomers resulted in the appearance of AT8 immunoreactivity (Fig. 4e-f , supplementary Fig S2e-f and Fig. S3f) , which is indicative of hyperphosphorylated tau filaments 48 . Positive staining for tau deposits did not remain confined to the injected area (hippocampus), but spread to neighboring brain regions such as the cortex (Fig. 4) , corpus callosum and hypothalamus ( Supplementary Fig. S2 ). Immunoreactivity for the human tau-specific monoclonal antibody HT7 (Fig. 4g-j) was present only at the site of the injection (Fig. 3g) , thus demonstrating that tau deposits in the wild type mice injected with human brain-derived tau oligomers (Fig. 4, supplementary Fig. S2 and Fig S3) are of murine origin. To confirm these observations and exclude the possibility that the aggregates observed were unrelated to the injected material, additional groups of mice (n56) were injected and sacrificed 3 days post injection. Tau hyperphosphorylated deposits were not detected in any of the mice by immunohistochemical analysis, confirming that tau deposits observed are derived from murine tau (Supplementary Fig. S4a-d ). Mice injected with PHF tau showed AT8 immunoreactivity 11 months post injection only at the injection site ( Supplementary Fig. S4e-f ), suggesting that fibrillar tau is unable to act as a seed to induce tau propagation in a prion-like mechanism.
Discussion
While it is now evident that tau aggregation can be induced exogenously in vivo using brain extracts containing tau aggregates 5, 49 , at this time it is unknown which of the various misfolded species of tau is most efficient in triggering tau aggregation. The data presented here demonstrate that soluble forms of tau known as tau oligomers not only induce toxicity but also act as the key species to induce tau brain-derived tau oligomers displayed significant widespread tau pathology 11 months post injection. Tau pathology was detected using well established methods, including ThS and Gallyas silver, as well as immunohistochemistry using AT8 and HT7 antibodies. (a-f) NFT in the hippocampal CA1 region and frontal cortex. Positive staining with Gallyas silver, ThS, and AT8 (specific for Ser202/Thr205 phosphorylated tau) established the presence of hyperphosphorylated NFT deposits and the spreading of the pathology to areas far from the injection site (hippocampus). (g-j) HT7 staining (specific for human tau) was confined to the injection site (g), demonstrating that tau deposits in neighboring areas are comprised of endogenous murine tau and not derived from the original inocula. Scale bars 12 mm.
www.nature.com/scientificreports SCIENTIFIC REPORTS | 2 : 700 | DOI: 10.1038/srep00700pathology propagation in wild type mice via a mechanism reminiscent of that used by prions, rather than simply acting to accelerate pathology induced by transgenes in mice, as has been described previously 3, 5 . It is important to keep in mind that this observation of tauopathy propagation in wild type mice is more relevant to sporadic AD, since tau mutations are not associated with AD but rather with frontotemporal lobar degeneration.
We observed previously that tau oligomers prepared in vitro from full length recombinant human tau effectively induce behavioral deficits in C57BL/6 mice after intracerebral administration 22 . Nevertheless, these oligomers did not induce endogenous tau propagation after 11 months post injection (Lasagna-Reeves and Kayed, unpublished observations), despite the fact that both have identical amino acid sequences. This result suggests that tau oligomers in vivo either assume a multidimensional very stable conformation as compared to that of tau oligomers prepared in vitro, or that posttranslational modifications and/or cofactors in the brain are essential for tau oligomers to act as seeds to promote propagation. The ability of mice to recover from acute behavioral deficits after the administration of human brain-derived tau oligomers could be explained by the recent observation of E.-M. Mandelkow and coworkers using a conditional mouse model of tauopathy that toxicity is linked to expression of proaggregant tau rather than aggregation per se 11 . This finding suggests that tau oligomers injected intracerebrally mimic the expression of pro-aggregant toxic tau and that further administration of this tau species is necessary to maintain behavioral impairment in the mice. Moreover, this recovery may be indicative of the ability of healthy cells in young mice to handle the first wave of tau aggregation by forming non-toxic large fibrillar deposits, thus it is likely that cell death and neurodegeneration will arise at much later stage. Consistent with this interpretation, the fact that neurons can live for decades with neurofibrillary tangles (NFT) 50 , and Braak and Del Tredici serendipitously identified AT8 and Gallyas positive tau structures in brains from children and young adults 51, 52 . In this study the term ''prion-like'' depicts the self-propagation of amyloidogenic proteins across cells and tissues, and does not imply that these aggregated proteins are infectious 53 . The data presented here suggest that the behavior of tau aggregates bears resemblance to that of prions, in which non-fibrillar small particles have been identified as necessary for propagation 54 . Indeed, as is the case for prions, it is possible that a range of tau species constitute the templating and toxic entities and that these populations may overlap 55, 56 . Hence, these results may impact a variety of fields as the concept of prionlike induction and spreading of pathogenic proteins recently has been proposed for many neurodegenerative diseases 57, 58 . Drugs that target amyloid and tau oligomers may be valuable for the treatment of a variety of neurodegenerative disease and preventing spread of pathology.
